The synthesis and excretion of fl lactamase by several strains of StaphyZococcus aureus from different clinical sources and the ability of both the extracellular and membrane-bound enzyme to mediate penicillin resistance was studied. When p-lactamase production was maximally induced with penicillin G or ampicillin, about 50% of the p lactamase was excreted from the cells, the amount of extracellular enzyme correlating well with the degree of resistance established by an in-vitro test model. From penicillin-binding experiments it became apparent, however, that the membrane-bound p lactamase can also constitute a barrier, strong enough on its own to prevent penicillins from reaching their target. This could be of clinical relevance if, under certain conditions in vivo, the extracellular p lactamase is insufficient for full protect ion of the staphylococcal cells.
Introduction
p Lactamases contribute significantly to the resistance of Staphylococcus aureus to penicillins. Because some of the enzyme produced is excreted into the surrounding medium it can act on hydrolysable penicillins before these have penetrated the cells (Richmond and Curtis, 1974) . Although the proportion of extracellular /? lactamase produced by different staphylococcal strains varies greatly from < 10% to ~8 0 % (Richmond, 1975; Dyke, 1979) , the general importance of the exoenzyme in the expression of penicillin resistance is not questioned. However, data relating the quantity of extracellular p lactamase produced to the level of resistance that results are not available. Furthermore, the extent to which the intracellular p lactamase contributes to resistance is not clear. Nielsen and Lampen (1982) have shown that intracellular p lactamase is firmly fixed to membrane lipids, and is therefore close to the penicillin target sites. This paper describes a study of the synthesis of p lactamase by staphylococcal strains from different clinical sources ; its extra-and intracellular distribution; the relationship between the amount of exoenzyme produced and degree of resistance (examined by means of an in-vitro test model) and the significance of membrane-bound p lactamase
P-Lactamuse synthesis
These experiments were performed in Brain Heart Infusion Broth (Oxoid) . Overnight cultures of the staphylococci were diluted 1 in 40 with fresh medium and grown to early logarithmic phase while being shaken in a water bath at 37°C. To induce /I-lactamase synthesis, penicillin G or ampicillin at concentrations of 0.5, 5, 50 or 500mg/L or methicillin 0*5mg/L was added and cultivation continued. Simultaneously, cultures were grown without added penicillin to measure uninduced plactamase production. Growth was measured by reading optical density in a spectrophotometer (PMQ 11, Zeiss) at 600nm. The OD values were converted to mg of bacterial dry weightlml by reference to standard curves. Samples were taken at intervals from each culture and 8hydroxyquinoline to a final concentration of 0-83 pmol/ ml was added to stop growth and induction. The /3lactamase activity of whole cultures was measured with nitrocefin as substrate (O'Callaghan et al., 1972) , one unit of /? lactamase (NCF unit) being defined as the amount of enzyme hydrolysing 1 pmol of nitrocefin/min at 37°C. Exoenzyme activity was measured as the activity present in culture supernates after centrifugation. The amount of intracellular 8-lactamase activity was calculated as the difference between the amount of activity in whole cultures and of exoenzyme.
In-vitro model for simulation of "extracellular" penicillin resistance
To examine the effectiveness of extracellular lactamase in mediating penicillin resistance on its own, cells of the penicillin-susceptible S. aureus strain H were supplemented with /.l lactamase isolated from strain S 108 and purified as described by Richmond (1975) . Logarithmic growth rates of both strains were similar. To cultures of strain H, grown to the early logarithmic phase at 37°C (OD600 , , , , -, 0.13), the p lactamase was added at intervals of 15 min for up to 1 h in concentrations corresponding to the amount of extracellular p lactamase formed in cultures of strain S108 uninduced or induced with ampicillin. Simultaneously with the first addition of fi lactamase, ampicillin in various concentrations was added to strain H and growth was monitored spectrophotometrically. To ensure that the / 3 lactamase added to strain H remained extracellularly and did not penetrate H. KEPPELER into the cells, cultures of strain H, treated with p lactamase as described above, were centrifuged and the enzyme activity was determined in both the pellet and the supernate. In these control experiments not more than 2% of the p lactamase added was found to be absorbed by the cells of strain H.
Binding of C-penicillin G to staphylococcal membranes
Washed cells harvested after growth for 2 h in Brain Heart Infusion Broth (Oxoid) at 37°C were disintegrated with lysostaphin and cytoplasmic membranes prepared as describedpreviously (Bruns and Keppeler, 1980) . Membrane samples, containing protein 1 mg/ml in 0.05 M Tris buffer at pH 7.5 containing 0 . 0 2~ MgS04, were incubated with various concentrations of 14Cpenicillin G at 37°C for 15 min. The reaction was stopped by adding 1 000-fold excess of non-radioactive penicillin G. The membranes were centrifuged at 40 0009 for 30 min at 4"C, washed with buffer and dissolved in sodium dodecyl sulphate 0.5% w/v. The radioactivity was measured in a liquid scintillation counter (Intertechnique, Mainz, FRG).
Membrane-bound /? lactamase was measured as described above. To induce p-lactamase production the cells were cultured in the presence of penicillin G at a concentration of 5 mg/L. Membrane-bound enzyme was inhibited by first treating the cells with clavulanic acid at a concentration of 0.1 mg/L for 15 min before adding ''C-penicillin G.
P-Lactamase synthesis
When the synthesis of /? lactamase by five penicillin-resistant strains of S. aureus, before and after induction with penicillin G, ampicillin or methicillin, was studied, little enzyme was produced by uninduced cultures and specific activity decreased slightly during the 3-h period of observation. In the presence of any of the penicillins the synthesis of p lactamase increased but the amounts produced differed significantly depending on the strain and the antibiotic used. For example, when any of the penicillins was added to cultures of strain S108 activity rose 5-10-fold within 15 min ( fig. 1 ).
With ampicillin and penicillin G , maximum values were obtained after 30min. At this time, plactamase production induced by ampicillin was about twice that with penicillin G and more than 15 times the basal value. Subsequently P-lactamase synthesis decreased and approached the level of plactamase production in uninduced cultures. Maximal induction by these two penicillins was obtained with concentrations of 5 mg/L. With higher concen- trations the effect was not enhanced. In contrast, plactamase synthesis by strain 58 14s was induced by ampicillin or penicillin G to a small extent only ( fig. 1 ). In the presence of ampicillin which was again more effective than penicillin G, the level of P-lactamase production was about 30% of that of strain S108 and reached its maximum only after 60 min. P-Lactamase production by the three other strains was comparable to that of either strain S108 or strain 5814s (table I) . Production by strains 6641 and 4503 was induced to a similar extent as in strain S108. Induction of production.in strain 5814R, the only strain resistant to methicillin also, was slow and p-lactamase production was smaller even than that of the isogenic strain 5814s. When methicillin at a concentration of 0.5 mg/L was used to induce each strain, there was, as was to be expected, a continuous increase of P-lactamase synthesis. The results with strains S108 and 5814s are shown in fig. 1 . Maximum enzyme induction was not seen during the period of observation. After 3 h the level of P-lactamase activity was higher in every case than the maximum value obtained by induction with ampicillin or penicillin G, being 20-45 times that of uninduced cultures.
The maximum levels of p lactamase induced by penicillin G or ampicillin were related to the strains' MICs (table I), the p-lactamase production of the three most resistant strains being about thrice that of the two least resistant, i.e., of the same order as the differences in the strains' MICs.
Extracellular p lactamase
The ratio of extracellular to intracellular p lactamase was determined at the time of maximum Strain no. enzyme synthesis after induction with penicillin G or ampicillin (table 11) . Minor differences only were found between the five strains. Generally about 50% of the enzyme was excreted, the highest value (57%) being that of strain 58143 induced with ampicillin, the lowest (42%) that of strain Sl08 induced with penicillin G. Less than 40% of the p lactamase produced by uninduced cultures was excreted after 30 min. With methicillin as inducer the amount of extracellular / 3 lactamase produced by the five strains differed more widely (table 111) values after 3 h varying from 20% to 50%. Strain 6641, which produced the greatest amount of total P lactamase, excreted least (22%). On the other hand, the poorly inducible strains 58143 and 5814R excreted about 50% of their P lactamase. The significance of extracellular p lactamase in mediating resistance to ampicillin was studied by adding / 3 lactamase from strain S108 to cells of the ampicillin-susceptible strain H in the logarithmic phase in concentrations mimicking exoenzyme formation by strain S108 after induction with ampicillin. The ampicillin resistance of strain H in these circumstances was almost equal to that of strain S108 (fig. 2 ), ampicillin at a concentration of 5000 mg/L being required to inhibit the growth of either strain completely. If amounts of exoenzyme equal to those in uninduced cultures of strain S108 were added to strain H, ampicillin concentrations of only about 25 mg/L were needed to inhibit growth of the latter strain.
Membrane-bound B lactamase
As stated above, about 50% of the p lactamase produced remained ~i t h i n the cells. This fraction, which is of special interest, is firmly fixed to the membrane lipids by a thioether linkage (Nielsen and Lampen, 1982) close to penicillin target sites.
To evaluate its importance in the expression of resistance its amount was measured and its influence on the binding of 14C-penicillin G to its targets was studied. Cells of strains S108,4503, and 58143 grown for 2 h in the presence or absence of penicillin G at a concentration of 5 mg/L to induce P-lactamase production were disintegrated and the membranes isolated. p Lactamase was found in all membrane fractions (table IV) . Membrane preparations from uninduced cells contained 0.02-0.04 NCF units/mg of membrane protein, whereas those from induced cells contained 0-2-0.7 NCF units/mg of proteinat least a.tenfold increase. When the binding of 14C-penicillin G to membranes of uninduced and induced cells of strains S108, 4503 and 58143 was studied, only small amounts of penicillin were bound non-specifically to membranes from uninduced cultures with little P-lactamase activity. ampicillin is shown (B). At times 0, 15, 30, 45, and 60 min 0.5, 5 , 6 , 3, and Results with strain Sl08 are shown in fig. 3 . However, when the membranes were first treated for 15 min with clavulanic acid at a concentration of 0.1 mg/L not only was the binding of 14Cpenicillin G markedly increased, but the binding was highly specific. Half saturation was obtained with a concentration of penicillin G of 0.1 nmol/ ml.
Discussion
It is generally accepted that p lactamases are predominantly responsible for the resistance to penicillin of strains of S . aureus. However, a strong relationship between the amount of enzyme produced and the resulting level of resistance has not been confirmed (Saz, 1970) , and Gill et al. (1981) even found that some strains of S. aureus were susceptible to penicillin G at concentrations of 0.05 mg/L or less despite producing p lactamase.
By contrast, in the present study, there was a distinct correlation between induced P-lactamase production by staphylococcal strains from various sources and their resistance to penicillin G or ampicillin : the greater the amount of p lactamase produced after induction with either antibiotic the higher was the level of resistance (table I) .
Staphylococcal P lactamase is partially excreted into the surrounding medium where it inactivates penicillins before they can reach their target sites at the cytoplasmic membrane. It has been assumed that > 80% of the P lactamase is normally released from the cells (Richmond and Curtis, 1974; Richmond, 1975 ; Ogawara, 198 1) . However, different strains excrete different amounts depending, at least in part, on growth conditions (Coles and Gross, 1967; Kim and Chipley, 1974; Dyke, 1979) .
One particular strain of S . aureus excreted < 1% but this might be an exception (Batchelor et al. , whereas when uninduced only 3540% was excreted. The response when methicillin was used for prolonged induction was heterogeneous ; the proportion of p lactamase excreted varied between 20% and 50% and was not related to the total amount synthesised. Strain 6641 produced the greatest total amount of /? lactamase but excreted the least.
The extent to which extracellular /? lactamase mediates resistance to ampicillin was tested in an in-vitro model which, by incorporating p lactamase from the donor strain S108, mimicked P-lactamase synthesis by cultures of the penicillin-susceptible strain H. Under these conditions, adding the levels of extracellular p lactamase produced by ampicillininduced cultures of strain S108 to cultures of strain H raised the ampicillin resistance of the latter to the natural resistance of the donor strain, i.e., > 2000 mg/L ( fig. 2) . When an amount of extracellular p lactamase equal to that in uninduced cultures of strain S108 (about 5% of that in induced cultures) was added, a correspondingly lower level of resistance of about 25 mg/L resulted.
The role of intracellular p lactamase in the resistance of staphylococci to penicillin is not so clear. In this genus and in other gram-positive bacteria, intracellular p lactamase is firmly bound to the cytoplasmic membranes (Nielsen and Lampen, 1982) . In vitro, the importance of extracellular p lactamase in determining resistance predominates but this may not be true in vivo. p Lactamases in the environment of the bacterial cells can be diluted by diffusion (Haller, 1984) or their effectiveness may be reduced by other tissue factors, e.g., low pH values in inflamed tissues, the action of proteases and oxygen radicals formed during phagocytosis, or inactivation by antibodies. Membrane-bound p lactamase may therefore provide a second line of defence which could be highly effective because it is located close to the target sites of penicillin (Bush and Sykes, 1984) . This view is supported by the studies described here of the binding of 14C-penicillin G to staphylococcal cell membranes. Binding to membranes from penicillin-resistant strains was non-specific only ( fig. 3) , but when membrane-bound p lactamase was first inhibited by clavulanic acid, binding was considerably enhanced and was specific as is the binding of penicillin to membranes of susceptible staphylococci (Suginaka et al., 1972; Bruns and Keppeler, 1980) . Membranes from uninduced cells did not bind 14C-penicillin G specifically, but, after induction, the amount of membrane-bound fl lactamase increased about tenfold thus raising its potential protective capacity.
If intracellular p lactamase acts at least as efficiently as excreted p lactamase does, its influence on penicillin resistance can be calculated approximately from the results obtained with the in-vitro model described above: the amount of induced membrane-bound enzyme produced by the strains studied (table IV) should mediate resistance to concentrations of penicillin G of 200-800 mg/L. It has been reported (Haller, 1984 ) that intracellular p lactamase could not protect staphylococci from higher concentrations of mezlocillin because resistant strains became susceptible to this penicillin when extracellular p lactamase was washed off.
However, in these experiments it is not clear how much /? lactamase was being produced in the presence of mezlocillin nor how the enzyme was distributed intra-and extracellularly. Furthermore, the method used to remove extracellular fi lactamase required simultaneous treatment of the growing cells with a constant flow of mezlocillin, continuously substituting active for degraded antibiotic for a period of at least 16 h. Under these conditions a realistic picture of the protective power of the intracellular enzyme cannot be obtained bemuse its hydrolysing capacity will be underestimated.
From the results of the present study, it can be concluded, however, that in staphylococci p lactamase constitutes a double barrier analogous to that found in gram-negative bacteria; the outer layer, formed by extracellular p lactamase, normally inactivates most of the penicillin before it can
